Hydrogels are excellent candidates for the sustained local delivery of anticancer drugs, as they possess tunable physicochemical characteristics that enable to control drug release kinetics and potentially tackle the problem of systemic side effects in traditional chemotherapeutic delivery. Yet, current systems often involve complicated manufacturing or covalent bonding processes that are not compatible with regulatory or market reality. Here, we developed a novel gelatin methacryloyl (GelMA)-based drug delivery system (GelMA-DDS) for the sustained local delivery of paclitaxel-based Abraxane ® , for the prevention of local breast cancer recurrence following mastectomy. GelMA-DDS readily encapsulated Abraxane ® with a maximum of 96% encapsulation efficiency. The mechanical properties of the hydrogel system were not affected by drug loading. Tuning of the physical properties, by varying GelMA concentration, allowed tailoring of GelMA-DDS mesh size, where decreasing the GelMA concentration provided overall more sustained cumulative release (significant differences between 5%, 10%, and 15%) with a maximum of 75% over three months of release, identified to be released by diffusion. Additionally, enzymatic degradation, which more readily mimics the in vivo situation, followed a near zero-order rate, with a total release of the cargo at various rates (2-14 h) depending on GelMA concentration. Finally, the results demonstrated that Abraxane ® delivery from the hydrogel system led to a dose-dependent reduction of viability, metabolic activity, and live-cell density of triple-negative breast cancer cells in vitro. The GelMA-DDS provides a novel and simple approach for the sustained local administration of anti-cancer drugs for breast cancer recurrence.
Introduction
Breast cancer is the most commonly diagnosed and the leading cause of cancer deaths in women worldwide [1] . In the USA alone, it was estimated that breast cancer incidence would represent 30% of all cancer diagnoses in women and 15% of cancer deaths in women for the year 2019 [2] . Breast cancer treatment commonly involves a combination of different approaches and techniques such as radiation therapy, chemotherapy, hormone therapy, targeted therapy, and/or surgery. Treatment schemes whereas reduced mesh size can slow down the diffusion or entrap the drug in the matrix [33] . Miri et al. studied the impact of the DoF and curing conditions on hydrogel stiffness and reported a slower release rate of bovine serum albumin when the GelMA concentration was increased [46] . More precisely, it is the difference between mesh size and drug size that controls drug diffusion rates. In fact, another study varied the hydrogel concentration to tailor the physical properties of the DDS, thereby tailoring the release rate, but, most importantly, it showed that the relationship between mesh size and drug size played a critical role in diffusion and release rates [40] . Finally, the possibility to tailor the release of therapeutic agents from gelatin hydrogels by enzymatic degradation has been reported and is useful for in vivo applications [41] .
In this manuscript, we propose to use GelMA as a DDS for the protein-anticancer drug formulation Abraxane ® . Several studies have reported the use of GelMA hydrogel for local drug delivery, yet, to the best of our knowledge, there is no study reporting the local controlled delivery of Abraxane ® using GelMA, nor any polymeric hydrogel matrix. We hypothesized that Abraxane ® -loaded GelMA hydrogels allow for tunability of the drug release kinetics via tailoring of the hydrogel physicochemical properties, enabling application as a suitable and easy-to-use DDS to induce breast cancer cell cytotoxicity. We first characterized the biomaterial and confirmed the DoF of GelMA. The GelMA-DDS was manufactured using different GelMA concentrations, i.e., 5%, 10%, and 15%, to vary the mechanical properties of the system. The GelMA-DDS was then characterized in terms of drug encapsulation efficiency, mechanical compressive properties as well as swelling properties. We investigated the effect of GelMA concentration on the release rate of Abraxane ® in vitro, in PBS, and enzymatically, via collagenase degradation. Finally, the cytotoxic potential of the GelMA-DDS was evaluated against MDA-MB-231 breast cancer cells grown in 3D configuration using viability, metabolic activity, and live-cell density as indicators.
Materials and Methods

GelMA Synthesis
Gelatin (porcine skin, Type A, gel strength 300; Sigma Aldrich, St. Louis, MO, USA) was dissolved in phosphate-buffered saline (PBS, pH 7.4; Invitrogen, Carlsbad, CA, USA) at 50 • C with agitation, for 10-60 min to reach a final concentration of 10% gelatin w/v. Next, methacrylic anhydride (MAA) was added to the mixture at 0.6 g of MAA per 1 g of dissolved gelatin. The methacryloyl functionalization reaction proceeded for 1 h, under vigorous stirring at 50 • C. The unreacted MAA and low molecular weight by-products were removed by dialysis using a 12-kDa molecular weight cut-off dialysis membrane, against a large volume of demineralized or ultrapure water (MilliQ, Merck Millipore, Burlington, MA, USA), changed daily. a final pH adjustment to 7.4 was performed using 1 M NaHCO 3 before filter-sterilization (0.2 µm pore size). The macromere solution was then freeze-dried and stored at −20 • C [47].
Characterization of GelMA Functionalization
Methacryloyl functionalization of GelMA was confirmed using proton nuclear magnetic resonance ( 1 H MNR) with a Bruker Avance 600 MHz spectrometer at room temperature, using 1% w/v macromere
To quantitatively assess the degree of functionalization (DoF), a 2,4,6-trinitrobenzene sulfonic acid (TNBS) assay was conducted. Briefly, 0.1 M Sodium bicarbonate (NaHCO 3 , pH 8.5) with 0.01% w/v TNBS solution was prepared. Gelatin and GelMA samples were separately dissolved, at 37 • C for 1 h, in 0.1 M NaHCO 3 buffer at a 10 mg/mL concentration. Subsequently, samples were separately mixed with 0.1 M NaHCO 3 buffer to obtain macromere concentrations of 500 µg/mL. Serial dilutions (1:2) were prepared to cover the range from 500 µg/mL to 0 µg/mL. Triplicates of 200 µL of both GelMA and gelatin dilutions were transferred into a 96-well plate, mixed with 100 µL of 0.01% w/v TNBS solution, and incubated for 2 h, protected from light. The absorbance was measured at 335 nm [48, 49] .
Drug Encapsulation and GelMA Crosslinking
GelMA was dissolved in PBS at 37 • C to obtain a 20% w/v precursor solution. The drug (Abraxane ® , Specialised Therapeutics, Singapore) was encapsulated to achieve the final amount of 37.5 µg or 75 µg of Abraxane ® per hydrogel sample for Dose 1 or Dose 2, respectively. Abraxane ® was suspended in a solution of 5%, 10%, or 15% w/v GelMA containing 0.5 mg/mL solution of Irgacure 2959 (1-[4-(2-hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propanone, BASF, Ludwigshafen, RLP, Germany). The mixture was pipetted into a custom polytetrafluoroethylene (PTFE) casting mold to form disc-shaped hydrogels of 5 mm diameter, 1.8 mm height, and approximate volume of 35 µL [47] . UV crosslinking at 365 nm light at an intensity of~2.6 mW/cm 2 in a CL-1000 crosslinker (UVP, Upland, CA, USA) was applied for 30 min. All % concentrations are w/v unless specified otherwise. Hydrogel samples were stored at 4 • C until use.
Effective Swelling
Hydrogel mass (n = 9) was determined immediately after crosslinking and compared to the weight of the gels after overnight swelling in PBS at 37 • C. The difference between the wet masses, before and after swelling, was expressed as a percentage.
Compressive Mechanical Properties
An unconfined compression test was performed to investigate the compressive moduli, failure stress, failure strain, and the toughness of the drug-loaded hydrogels versus the control groups (n = 9), using an Instron 5848 microtester with a 500 N load cell (Instron, Melbourne, VIC, Australia). The hydrogels were placed overnight in PBS at 37 • C, before the test. a displacement rate of 0.01 mm/s was applied using a non-porous aluminum indenter on the hydrogels, which were immersed in PBS at 37 • C. The compressive modulus was determined from the slope of the strain-stress curve between 10% to 15% strain [47] .
Release Study
Fluorescent Labeling of Abraxane ®
Fluorescein-5-isothiocyanate (FITC, Sigma Aldrich, St Louis, MO, USA) 50× stock solution was prepared by dissolving the dye in dimethyl sulfoxide (DMSO) at 10 mg/mL. a suspension of Abraxane ® was prepared in 0.1M Sodium bicarbonate buffer (NaHCO 3 pH 9) to a 10 mg/mL final concentration. FITC solution was added to the suspension for a final FITC concentration of 0.2 mg/mL. The labeling reaction was performed overnight, at room temperature, under agitation, and protected from light. The product was transferred into dialysis cellulose tubing (Sigma Aldrich, St Louis, MO, USA) with a typical molecular weight cut-off of 14,000 Da to remove unbound FITC. Dialysis was carried out for 7 days against ultra-purified water, protected from light, at room temperature, and the water was changed every day. The content of the dialysis membrane was then transferred into a falcon tube and freeze-dried (protected from light). The resulting freeze-dried FITC-labeled Abraxane ® was resuspended in PBS to prepare a 20% w/v stock solution.
Encapsulation Efficiency
Hydrogels (n = 4) were degraded overnight in 500 µL of 28 units/mL collagenase II (Gibco™ Collagenase, Type II powder, Thermo Fischer Scientific, Waltham, MA, USA) in Hank's Balanced Salt Solution (Gibco™ HBSS, calcium, magnesium, no phenol red, Thermo Fischer Scientific, Waltham, MA, USA). The degradation was carried out at 37 • C and 300 rpm on a thermomixer compact (Eppendorf, Hamburg, Germany). The amount of FITC-labeled Abraxane ® was quantified using a fluorescence plate reader (BMG PolarStar), from emission at 590 nm (excitation 544 nm). Results were compared to the control groups, i.e., suspended FITC-labeled Abraxane ® in degradation solution.
Release Assay
Two doses of FITC-labeled Abraxane ® were investigated in this study, 37.5 µg (Dose 1) and 75 µg (Dose 2) per 35 µL hydrogel disk. The release was performed in 1 mL of PBS (pH 7.4) in low protein binding tubes (Eppendorf Protein LoBind Tubes, Hamburg, Germany) at 37 • C under agitation (75 rpm in an orbital incubator), protected from light. The release was quantified using a fluorescence plate reader (BMG PolarStar) at 485 nm excitation and 520 emission wavelengths. The experiment was repeated independently three times, and results were compared with control groups of the free drug at the corresponding doses.
Mathematical Modeling
The Korsmeyer-Peppas equation M t /M ∞ = kt n was used to model the release and describe the transport mechanism. M t /M ∞ is the fractional release of drug in time t (M t is the amount of drug released at time t and M ∞ is the total amount of drug-loaded in the DDS), k is the constant characteristic of the drug-polymer system, and n is the release exponent characteristic of the release mechanism. In the case of a cylinder matrix such as the proposed drug delivery system, if n < 0.45, the mechanism of the release follows quasi-Fickian diffusion; if n = 0.45, it follows Fickian diffusion and the dominating release mechanism is the diffusion. This equation is, however, applicable only for the first 60% of the fractional release [50, 51] .
Abraxane ® Aggregation
Gels containing FITC-labeled Abraxane ® were placed in a petri dish to be imaged by a CSU X-1 Yokogawa spinning disc confocal (Nikon, Tokyo, Japan) at 488 nm and 10× magnification. Imaris software (Bitplane, South Windsor, CT, USA) was used to reconstruct the obtained z-stacks into 3D animations. Calibration of pixel intensity and target object size thresholds were performed to ensure the identification of the objects, i.e., drug aggregates with the maximum intensity. Upon 3D reconstruction, the software provided quantitative data such as intensity, size, location, geometry for each object. The average volume of FITC-labeled Abraxane ® aggregate was reported over time and normalized to Day 0.
Degradation Characterization
To mimic the gel digestion ex vivo, each gel was digested in 500 µmL of 28 units/mL collagenase (Gibco™ Collagenase, Type II powder, Thermo Fischer Scientific, USA) at 37 • C and 300 rpm on a thermomixer compact (Eppendorf, Hamburg, Germany). Every hour, the hydrogels were weighed. The ratio of digested mass to the original mass over time was used to represent the degradation rate. and 1% penicillin/streptomycin (P/S; Thermo Fisher Scientific, VIC, Australia). Cells were incubated at 37 • C and 5% CO 2 in a humidified cell culture incubator. Media was changed every 3 to 4 days, and cells were passaged at approximately 75% confluency.
3D Cell Culture
The cells were trypsinized, counted, and suspended at 1 × 10 6 cells/mL in a solution of 10% w/v GelMA containing 0.5 mg/mL Irgacure2959. The mixture was transferred into Teflon molds to form disc-shaped hydrogels of 5 mm diameter and 1.8 mm height. UV crosslinking at 365 nm light at an intensity of~2.6 mW/cm 2 in a CL-1000 crosslinker (UVP, Upland, CA, USA) was applied for 10 min. The gels were then placed in 24-well plates with 1 mL of appropriate culture media, which was changed every 3 to 4 days. Gels were left in culture for 8 days to allow for cell proliferation and aggregate/spheroid formation.
Drug Delivery System Evaluation
Two doses of Abraxane ® were investigated in this study: Dose 1: 37.5 µg and Dose 2: 75 µg. On Day 0, cell-laden gels were moved to a new 24-well plate, and drug treatment was applied either as a free drug added to 1 mL of media, or released from the GelMA-based drug delivery system (DDS) in 1 mL of culture media. On day 3, 5, and 7, assays were performed, and the media was changed. Metabolic activity was assessed using the AlamarBlue ® assay; (n = 3), and cell viability and live-cell density were determined using a live/dead FDA/PI (Fluorescein Diacetate/Propidium Iodide) staining of 3D cultures (n = 3). After the assays, the media was replaced by fresh appropriate media (no more drug was added in the free drug control). The experiment was repeated 3 times at different times (biological replicates).
Metabolic Activity Assay
A volume of 500 µL of a 10% v/v AlamarBlue ® solution in the appropriate media was used to incubate the samples for 4 h at 37 • C and 5% CO 2 in a humidified cell culture incubator. Fluorescent emission at 590 nm (excitation 544 nm) was measured from a fluorescence plate reader (BMG PolarStar). Results were normalized to the control group (% control).
Cell Viability Assay
Cells were stained with Fluorescein Diacetate (FDA) and Propidium Iodide (PI). The hydrogels were washed in PBS then incubated in 10 µg/mL FDA and 5 µg/mL PI in PBS for 7 min at 37 • C and 5% CO 2 in a humidified cell culture incubator then washed again. Z-stack images were taken with a Leica SP5 confocal laser scanning microscope (Leica, Wetzlar, Germany) at 10× magnification. Cell viability was calculated using the maximum projection of the z-stacks and expressed as a percentage of live cells to total cells.
Live Cell Density
The Imaris software (Bitplane, South Windsor, CT, USA) was used to reconstruct into 3D animations the live/dead z-stacks from the cell viability assay to determine the live cell density of cell-laden gels. Calibration of pixel intensity threshold and the target object size parameter were set to ensure the identification of the objects, i.e., live and dead cells with the maximum intensity. Upon 3D reconstruction, the software provided the total volume of z-stack analyzed as well as quantitative data such as intensity, size, location, and geometry for each object. The total number of live cells was divided by the z-stack volume of hydrogel construct analyzed to obtain the live cell density expressed in a number of cells per µm 3 of hydrogel construct.
Statistical Analysis
Statistical analysis was performed using GraphPad Prism software (version 8, GraphPad, CA, USA). Probabilities of p ≤ 0.05 were considered a significant difference. Two-way ANOVA (analysis of variance) with Tukey's post hoc was used to investigate the mean difference between groups for the physical and swelling properties of the drug delivery system. The significant differences in means between groups were determined using one-way ANOVA with Tukey post-hoc for the encapsulation efficiency, the average size of FITC labeled Abraxane ® , and for the in vitro cell evaluation of the drug delivery system. The significance of mean differences between groups of in vitro release results was calculated using the general linear model (univariate analysis), using IBM SPSS Statistics 23 (IBM Corp).
Results and Discussion
This work aimed to assess GelMA hydrogels as a suitable carrier for the anticancer agent Abraxane ® for the local and controlled delivery into a mastectomy or lumpectomy surgery site to prevent local breast cancer recurrence. In this first section, we confirmed the successful methacrylation of gelatin and determined the DoF of GelMA. In the second section, we assessed whether the drug loading had an impact on the mechanical and swelling properties of the GelMA-DDS. Then, the encapsulation efficiency of the drug in the GelMA-DDS was measured. In section four, we describe and characterize the release kinetics in PBS of Abraxane ® Dose 1 and Dose 2 from the GelMA-DDS for various concentrations of GelMA (5%, 10%, and 15%), and in the fifth section, we evaluated the release of the same GelMA-DDS groups via enzymatic degradation. Finally, in the last section, we evaluated the in vitro cytotoxic effect of the GelMA-DDS against 3D breast cancer cells MDA-MB-231 and compared it with Dose 1 and Dose 2 suspended in the media, which are simulating an intravenous injection of the drug.
Material Characterization
First, GelMA was synthesized by the reaction of gelatin with methacrylic anhydride ( Figure 1A ) and characterized using proton nuclear magnetic resonance ( 1 H NMR) ( Figure 1B ). The GelMA spectrum displayed peaks corresponding to acrylic protons of the methacryloyl grafts of lysine and hydroxyl lysine groups between 5-6 ppm ( Figure 1B , peaks a + b), which were absent in the spectrum of gelatin. Peak c, at 2.9 ppm, was substantially smaller in the spectrum of GelMA, indicating that a large proportion of lysine groups were functionalized. Finally, peak d, corresponding to methyl protons of methacryloyl grafts (1.8 ppm), was present in the spectrum of GelMA, but not gelatin. Taken together, the 1 H-NMR spectra confirmed successful methacryloyl functionalization of gelatin [52] . The DoF of GelMA influences the crosslinking density and, consequently, the mechanical properties of the hydrogel [47] . For drug delivery applications, the mechanical properties, particularly the mesh or pore size of the hydrogel, are the predominant drug release regulators [33] . We, therefore, quantitatively assessed the DoF using a 2,4,6-Trinitrobenzene Sulfonic Acid (TNBS) assay, which indicated that 70 ± 6% of lysine and hydroxy-lysine groups were functionalized ( Figure 1C ).
The DoF determines the maximal crosslinking density achievable, which impacts the mesh size [53, 54] and thus the stiffness of the hydrogel [53, 55] . When fully crosslinked, a hydrogel with a high DoF will display high stiffness and smaller mesh size. Furthermore, a higher stiffness means that the enzymatic degradation rate by metalloproteinase decreases, which is critical for in vivo applications [46] . An increase in GelMA concentration decreases the mesh size and therefore increases the hydrogel stiffness [47] . Increasing photoinitiator concentration increases the crosslinking kinetic rate so that maximal crosslinking can be achieved faster. Increasing curing time increases the crosslinking density therefore the stiffness and decrease the mesh size. Both curing time and photoinitiator concentration parameters are limited by the DoF [47] . Thus, achieving a fixed high DoF was essential as it allowed to obtain hydrogels with a wide range of achievable mesh sizes and stiffness, through the modification of concentration and crosslinking parameters, thus allowing the tailoring of drug release kinetics efficiently. Other studies indeed reported the use of a GelMA with high DoF ranging from around 70% to 87% for drug delivery applications [39, 45] .
Mechanical Properties of the Drug Delivery System
Following the successful manufacture of the GelMA-DDS, we determined whether drug loading had an impact on the photocrosslinking reaction and, therefore, the mechanical properties of the hydrogel. Based on the findings of an initial dose-effect study ( Figure S1 ), we chose to encapsulate two doses of Abraxane ® , 37.5 µg (Dose 1) and 75 µg (Dose 2), per 35 µL hydrogel sample, representing 1.07 µg/µL and 2.65 µg/µL of Abraxane ® per microliter of hydrogel. We encapsulated the drug in 5%, 10% and 15% GelMA, respectively, to cover a theoretical stiffness range from 5 kPa to 100 kPa [56] which may be useful in a wide range of applications and target tissues, and investigated the effects of modulating stiffness on release kinetics.
It is well-established that GelMA exhibits tunable swelling and mechanical properties. The determinant parameters are the DoF, the macromere concentration, and the curing parameters (photoinitiator concentration and curing time) [35] . Implantable hydrogels must be mechanically compliant with the surrounding environment or tissue of implantation and exhibit suitable degradation rate depending on the application. Moreover, the mechanical properties of hydrogels also impact the controlled release of drugs [57] . Therefore, we hypothesized that tailoring the mechanical properties of GelMA would allow the control and tailoring of the Abraxane ® release kinetics of the GelMA-DDS. Figure 2A -C show representative stress-strain curves of all groups. We first observed that the compressive modulus increased significantly with the increase of GelMA concentration and varied between 5 kPa to 150 kPa, depending on the GelMA concentration ( Figure 2D ). As the stiffness of the hydrogels increased, there was a significant increase in both failure stress and toughness, respectively, ranging from around 80 kPa to 1200 kPa and 10 kJ/m 3 to 120 kJ/m 3 (Figure 2F,G) . In contrast, the failure strain decreased from approximately 75% to 65% with increasing GelMA concentration ( Figure 2E ). Hydrogel swelling tended to increase with GelMA concentration, but overall was not a dominating feature of the proposed GelMA-DDS ( Figure 2H ). All hydrogels presented with similar morphologies ( Figure 2I ). The most important observation was that within each GelMA concentration tested, there was no statistical difference between groups containing Abraxane ® and controls. This result proves that the loading of Abraxane ® did not alter the mechanical compressive properties of the GelMA-DDS for the hydrogel and drug concentrations tested. 
Encapsulation Efficiency
Next, we investigated the encapsulation efficiency (EE), i.e., the percentage of Abraxane ® successfully encapsulated in the GelMA-DDS as compared to the initial amount of drug available for encapsulation, using FITC-labeled Abraxane ® (Table 1) . Table 1 .
Fluorescein-5-isothiocyanate (FITC)-Abraxane ® encapsulation efficiency in gelatin methacryloyl (GelMA). Results are normalized to control (same amount of free drugs in solution), shown as means and standard deviations, n = 4.
Groups
GelMA Hydrogels with high water content are a very favorable environments for protein drugs as they usually display high EE [33] . We observed no significant differences between the groups tested but noted that the average EE was lower for Dose 2 compared to Dose 1 for all GelMA concentrations. On average, the EE of Abraxane ® was lower in 15% GelMA, i.e., below 80%, whereas 5% and 10% GelMA achieved EE above 90%, which is high when compared to other studies [39, [58] [59] [60] [61] [62] . To explain the loss of drug following encapsulation, we explored the potential effect of the UV exposure used for crosslinking of the GelMA-DDS on the fluorescence intensity of FITC-labeled Abraxane ® . We found no statistical difference for FITC-labeled Abraxane ® before and after UV exposure for concentrations between 18.75 µg/mL to 75 µg/mL and, therefore, ruled out this possible cause ( Figure S2 ). We then hypothesized that part of the drug remained attached to the Teflon casting mold used for the GelMA-DDS crosslinking. If the drug loss was due to surface attachment on the mold, we can infer that with a higher drug density in the same hydrogel volume, i.e., a higher dose, more drug particles would be lost at the hydrogel/mold interface. This would explain the lower EE for the Dose 2 compared to Dose 1 GelMA-DDS formulations.
Release Profile
We employed different GelMA concentrations to encapsulate Abraxane ® with the hypothesis that release would be more sustained with increasing macromere content due to reduced mesh size. To measure the release of Abraxane ® using fluorescence spectroscopy, we labeled the human serum albumin (HSA) part of the drug because it constitutes the majority of Abraxane ® (90%/10% HSA-Paclitaxel ratio). The fluorescent probe FITC is commonly used to label molecules of interests and especially albumin, which has been widely used as a model for protein delivery and is recognized as representative of the release profile of unlabeled compounds [63] [64] [65] [66] [67] [68] . We assumed that the Paclitaxel-HSA bond remained stable throughout the assays since the detachment of Paclitaxel from HSA is triggered by the competition with other highly hydrophobic compounds such as fatty acids of the cell membrane [9, 10, 69] , not present in the PBS in vitro system. Assessment of in vitro release ( Figure 3A,B) suggested an initial burst release after the first hour (less than 30% of the total cargo), followed by sustained release of the drug for both doses and all GelMA concentrations. The burst release may partly stem from loosely attached drug particles at the surface of the GelMA-DDS, which are highly prone to diffusion. The effect of the hydrogel concentration was clearly demonstrated as, for both Abraxane ® doses, the amount of drug released significantly increased with decreasing GelMA concentrations. In other words, 15% GelMA displayed more sustained release than 10% GelMA, which, in turn, showed more sustained release than 5% GelMA. The overall cumulative release curves for Dose 1 formulations were also significantly different (p < 0.0001) compared to Dose 2 formulations. Maximum amounts released reached 67% and 75% from Dose 1 and Dose 2 formulations, respectively, from 5% GelMA gels. Since hydrogel mesh size decreases with increasing hydrogel concentration, the results suggest that with increasing GelMA concentrations, the mesh size decreased and slowed down drug diffusion or entrapped part of the drug, therefore inducing a more sustained release. The release rate confirmed the burst release obtained within the first hour of the release with values above 10%/h for all groups and then decreased below 1%/h similarly for all groups and followed negative power functions ( Figure S3A,B) . The release mechanism was investigated using the mathematical model Korsmeyer-Peppas, which fitted the release data adequately with R 2 values above 0.9237 ( Figure S3C,D) . The release exponent, n, of all tested conditions was below 0.45, indicating that the primary release mechanism was pseudo-Fickian diffusion ( Table 2) . Table 2 . Korsmeyer-Peppas model (log of % Abraxane ® released vs. log time). For each condition, R 2 values were determined, and the n value was used as an indication of the drug release mechanism. The model is valid and was applied only for the first 60% of release.
Condition
Korsmeyer Focusing on the largest release timepoint, which corresponds to the first hour, there was a distinct and significant effect for both dose and GelMA concentration parameters on the amount of Abraxane ® released ( Figure 3C ). Dose 2 formulation displayed a higher released amount than Dose 1 formulation, and these values were reduced by increasing GelMA concentration in the GelMA-DDS. The absolute values (micrograms) released per timepoint are found in Figure S4A -C. Absolute values ranging from 4.5 to 20 µg were released after 1 h from the 35 µL hydrogel, according to different GelMA-DDS formulations, and followed an inverse linear correlation with GelMA concentration (R 2 > 0.99), with a steeper slope for the higher dose formulation ( Figure S4D ). In summary, the highest release amount (first hour) can be strongly controlled by both the dose and GelMA concentration parameters, for the range of parameters tested.
At the end of the release assay (Day 97), the cumulative fractions released from GelMA-DDS formulations for both doses were significantly lower when the GelMA concentration was higher ( Figure 3D ). The GelMA-DDS formulations released from 59% to 67% (22.2 to 25.2 µg) and from 62% to 75% (46.5 to 56.1 µg) of Dose 1 and Dose 2, respectively, yet those differences were less significantly different than earlier time points, with no significant differences between different doses in GelMA-DDS formulations.
In summary, these results show that there is an apparent and expected overall effect of the GelMA concentration that significantly reduces the amounts of released drugs, thus increasing the sustainability of the release. Moreover, the fact that the fraction of Abraxane ® released for both doses was not statistically different for the same GelMA concentration confirms that GelMA concentration is a more dominant factor for drug release. In other words, to control the total amount of Abraxane ® released from GelMA, tailoring the hydrogel concentration is more important than the drug loading, for the range tested in this study.
Release through Enzymatic Degradation
GelMA contains natural degradation sites for collagenases and matrix metalloproteinases (MMPs) and undergoes enzymatic degradation once implanted in the body [53, 55] . Hence, in a clinical setting, Abraxane ® would also be released via proteolytic degradation of GelMA. We, therefore, investigated the in vitro degradation of 5%, 10%, and 15% GelMA-DDS formulations and effects on the release of FITC-labeled Abraxane ® (Figure 4 ). As expected, the time to full degradation increased with GelMA concentration. The 5% GelMA hydrogels degraded within 3 h, while 10% and 15% GelMA followed a similar degradation rate for the first four hours and completely degraded after 6 h and 8 h, respectively. The linearity of the hydrogel degradation rate suggests a near zero-order degradation kinetic which occurs when the rate of hydrogel bond cleavage is faster than the diffusion rate of the enzyme solution through the hydrogel and is characteristic of a surface erosion [50, 51, 70, 71] . Enzymatic release of the drug followed a similar trend; however, degradation was slower compared to GelMA alone, and the GelMA-DDS degraded within 2 h, 8 h, and 14 h for 5%, 10%, and 15% GelMA, respectively, irrespective of the Abraxane ® dose. For both doses and all GelMA concentrations, enzymatic degradation led to a complete release of the encapsulated drug, suggesting that a combination of diffusion and proteolytic degradation may improve the drug delivery efficiency in vivo. 
Aggregation of Abraxane ®
Our previous in vitro Abraxane ® release data indicated that the release mechanism was mainly diffusion-driven and achieved a maximum cumulative release of 67% of Dose 1 and 75% of Dose 2 in 5% GelMA. This data suggests that part of the drug was larger than the hydrogel mesh size and thus retained in the hydrogel. In fact, albumin has been largely used as a model protein, and its tendency to aggregate via electrostatic interactions has been previously reported and investigated for the application of protein release [38, [72] [73] [74] [75] . We, therefore, hypothesized that partial aggregation of Abraxane ® was occurring in the GelMA-DDS. Consequently, smaller drug particles were diffusing first during the first hours of release because since they were small enough, whereas bigger drug aggregates were either slowed down or entrapped in the hydrogel. To investigate this, we used Doses 1 and 2 formulations in 10% GelMA and imaged the FITC-labeled Abraxane ® at different timepoints of the in vitro release. We were able to confirm partial aggregation of Abraxane ®, as evidenced by the presence of large particles in the GelMA-DDS. We found an increase in the aggregate size over time for both Dose 1 and Dose 2 formulations ( Figure 5A ). The average aggregate size increased significantly throughout the release assay to reach 144.15% and 136.06% of the initial sizes on Day 0 for Dose 1 and Dose 2 formulations, respectively ( Figure 5B ). The size distribution of the aggregates confirmed the reduction of the smallest particle fraction, i.e., bin size 0 to 500 µm 3 , from Day 0 to Day 90 for both formulations, whereas the relative frequencies of larger aggregates increased ( Figure S5) . In other words, the average drug particle size increased throughout the release assay because of smaller particles being released from the GelMA-DDS first, confirming the hypothesis. 
In Vitro Evaluation of the GelMA-DDS
Last, we investigated the cytotoxic effect of the proposed GelMA-DDS on triple-negative MDA-MB-231 breast cancer cells in 3D culture, using Dose 1 and Dose 2 formulations in 10% GelMA. This hydrogel concentration was chosen because it achieved a more sustained release of the drug compared to 5% GelMA and had a higher encapsulation efficiency than 15% GelMA. The GelMA-DDS was compared to the controls containing the same Abraxane ® free doses in cell culture media.
Live/dead staining of MDA-MB-231 cells ( Figure 6A ) revealed increased cell death in the drug-treated groups compared to the control. By Day 7, both Dose 1 in media and Dose 1 in GelMA-DDS decreased cell viability significantly to approximately 60% ( Figure 6B) . Similarly, Dose 2 from GelMA-DDS significantly reduced cell viability to around 60%. However, Dose 2 in media caused a significantly higher decrease in cell viability, reaching 23.5% ( Figure 6C ). The same trend was observed for the metabolic activity of the cells (Figure 6D,E) . a significant decrease of 50% was observed for Dose 1 in media, Dose 1 in GelMA-DDS, and Dose 2 in GelMA-DDS, whereas the free Dose 2 group achieved a reduction to 23.3% relative metabolic activity, which was significantly lower than Dose 2 in GelMA-DDS. Regarding the live cell density (Figure 6F,G) , a drop to 80% was observed for both Dose 1 in media and Dose 1 in GelMA-DDS groups. The Dose 2 GelMA-DDS formulation significantly reduced the live cell density to 65%, and the 'Dose 2 in media' group significantly reduced it further down to 32%. Looking at the three chosen indicators, i.e., cell viability, metabolic activity, and live-cell density, Dose 1 of Abraxane ® delivered by 10% GelMA-DDS matched the performance of the same dose suspended in the media. On the contrary, the bioactivity of Dose 2 released from GelMA seemed to have been impaired as it was not as efficient as the same dose in media. Furthermore, the action of Dose 2 in GelMA-DDS was limited and equaled cytotoxic effect and metabolic activity reduction of Dose 1. This event seemed to be driven by the dose parameter but also protein interactions when encapsulated in GelMA, which could be explained by the aggregation of Abraxane ® at higher concentrations. Drug aggregation in the hydrogel appears to have reduced and limited the availability of Paclitaxel to the cancer cells; hence, we have demonstrated that overall, there may be reduced encapsulation and release efficiency at higher drug loading, and thus that lower drug loadings may be preferred. 
Conclusions
We successfully encapsulated Abraxane ® in GelMA hydrogels with high encapsulation efficiencies. Mechanical characteristics of the drug delivery system were highly tunable and proved to be unaffected by drug loading. The in vitro release was characterized by a larger release for the first hour, followed by a slower release of Abraxane ® . The initial release was affected by both the dose and the GelMA concentration: it increased with the higher dose and was diminished by the increase of macromere content. Overall, Abraxane ® release kinetics were strongly dependent on GelMA concentration, and increased release sustainability was achieved with increasing concentrations. Since the GelMA concentration of 15% displayed a lower loading yield, we suggest limiting the GelMA concentration at 10%. Confocal microscopy revealed partial aggregation of the FITC labeled drug in the hydrogel and an increase in average aggregate size over time. Enzymatic degradation of the GelMA-DDS enabled the complete release of the drug cargo. Finally, Abraxane ® delivery significantly reduced the viability, metabolic activity, and live-cell density of 3D MDA-MB-231 cells in vitro. Consequently, our GelMA-DDS, which provides a controlled and localized release of Abraxane ® , could be used to treat and prevent cancer recurrence at the primary site after tumor resection. This fundamental study is the necessary foundation for the development and characterization of the GelMA-DDS presented here and thus focused on the in vitro mechanisms and system characterizations. Further studies will be necessary to delineate the behavior and efficacy of the new system using in vivo models of the disease. Ultimately, the ability of GelMA-DDS to be used as a simple injectable hydrogel opens the door to further tailoring for local injections after tumor resection, with drug amounts and hydrogel volumes tuned to the need of each patient and specific chemotherapeutic regimen.
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